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ABSTRACT

\
~

By ~1‘

The basic difficulty in optimizing the noise performance of receiving
systems which must use an electrically small antenna is the lack of a com-
plete noise theory for a reactive source., This repert has attempted to

add to this theory in three areas:

First, the various types of small antennas héﬁg Q:en put on a common
basis of comparison. The parameters of effective length, effective areca,
effective volume, and intrinsic bandwidth~haveﬁbeen defined for antennas
sensitive to electric fields and for those sensitive to .magnetic fields.
These parameters‘ha#éligéﬂ evaluated for a number of common antenna

structures.

Second, a general method of describing the noise performance of any
amplifier has—been developed in both of its dual forms. This particular
characterization, based on complex-correlated input noise voltage and
current generators, was chosen out of many possibilities because it is
easily applied to the problem of determining noise performance with an
arbitrary source. These noise parameters have-been evaluated for several

types of amplifying devices.

. ' . . . . 3 . » ll.‘ y
Third, the ultimate theoretical limits on sensitivity have been ex-
plored, and a general method of determining the bounds, in terms of the
parameters introduced in the previous sections, has-been developed. These

bounds ha&ﬁ;béen evaluated in several examples.

e
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1. INTRODUCTION

The continual demand for better communications, detection systems,
low-noise amplifiers, and related applications has prompted a good deal
of research into the ruuses and effects of noise in physical devices.
This is particularly true in the field of electronics, where inherent
device noise sets fundamental limits to the system performance that can
he obtained. As a result, the sources of noise arc well understood, and
they have been thoroughly treated by such authors as van der Ziel [1954]), *
and the general theory of networks containing noise sources has been well

developed by such authors as Haus and Adler [1959].

The purpose of this investigation has been to extend and apply these

theories to the description and optimization of the performance of VLF
receiving systems. This subject, and in fact the entire more general’
problem of noise performance with source impedances that are inherently
reactive or cannot be transformed to the optimum impedance, has apparently

received little attention in the literature. This repert, therefore,

undertakes the description of the properties of antennas pertinent tc the .
subject, the development of a complete noise characterization of the

amplifying devices generally used, and the analysis and comperison of
performances of various systems. Although some of the expressions derived
are of a very general nature, no attempt has been made to appiy them except

to the case at hand.

* References are given at the end of the report,
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2. SMALL ANTENNAS

In virtually all applications involving reception of electromagnetic
waves at frequencies below about 1 MHz it is impractical and generally
unnecessary to construct antennas of resonant dimensions. The “electric-
ally small' antennas used at these frequencies are generally satisfactory
for reception in spite of their poor efficiency because of the existing
high noise levels. Shelkunoff and Friis [1952] are referenced for a com-

plete discussion of "“electrically small’ and “electrically short”antennas.

Antennas of resonant dimcusions couple tLhe propagating wave to the
antenna circuit, allowing power transfer at nearly 100 percent efficiency.
This type of antenna can be characterized‘by several parameters'such as
directivity, capture area, and terminal impedance. Since the terminal
impedance can be made to approach the pure radiation resistance over al-
most arbitrarily large bandwidths, by using structures such as log peri-
odics, antennas of this type can deliver power efficiently to broadband
preamplifiers. Electrically small antennas, on the other hand, couple
either to the electpic or to the magnetic components of the field, and
do not depend upon the phase delay attendant with prépaghting power. Such
antennas can be characterized by the directivity of a small dipole, and
impedance which is predominantly reactive, being capacitive for antennas
that are sensitive to electric fields and inductive for antennas sensi-
tive to magnetic fields. In either case, the radiation resistance is
generally so small that it is negligible in comparison with the loss re-
sistance of the antenna and its matching network. Any lossless small

antenna, regardless of its type or size, has a capture area A  given by

P 2
4. = < (2.1)
B I B

-t

where P_ is the available power at the antenna terminals, vector P is the

power per unit area of the wave, and A is the wave length. P_, or more

"
generally P_-—the exchangeable power introduced by Haus and Adler [1959)]
—is the maximum power that can be delivered to a conjugate match, assum-

ing the only resistance in the antenna circuit is the radiation resistance,

3




The inequality in Eq. (2.1) is due to the fact that the available power
is o function of the polarization and direction of the wave with respect

to the antenna.

In practice, the available power cannot be obtained because the an-
tenna and its matching network are generally lossy, and also because the
high antenna reactance generally limits the bandwidth over which an effec-
tive match can be made with a simple network. For these reasons, the
capture area is not considered a useful measure of the performance of a
small antenna. A parameter which has been found far more useful is the
“effective volume,” S, defined as the ratio of energy stored in the an-
tenna reactance to the energy per unit volume in the corresponding field

of Lhe tncident wave. Consider, for example, a “plate’ antenna such as
I

that shown in Fig. 2.1(a), which consists of two ronducting plates of

dimensions a by b, and separated by distance d. An electric field E nor-

mal to the plates will induce an open circuit voltage
v, = Ed ‘ ‘ (2.2)

v

By the usual definition, the “"effective length” is

(2.3)

The existence of the normal electric field and its associated displace-

ment flux D induces a surface charge density
(2.4)

where « is the permittivity of the surrounding medium. The short circuit

cutrent due to the field will then be

_]',uEEab d;, b (2.5)

where 4 is the area of one plate, neglecting fringing, and w is the angular

wave frequency. For convenience, the capital letters used to denote fields,
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voltages, and currents will be considered rms values of single frequency |

signals or of noise in a specified bandwidth, and in general will be con-

sidered functious of frequency.

The ratio of short circuit current to the rate of change of displace-

]

ment flux vields an “effective area”

(2.6)

A =

IS
o ;;B = ab ,

which in this case is equal to the physical area of a plate, neglecting

fringing. An exact calculation would show that A, is somewhat larger

than the physical area of a plate. From Thevenin’s theorem

§

I, = VgjeC, (2.7)

where C_ is the antenna cupaciﬁance. Combining Eqs. (2.2), (2.5), and
(2.7)

€ab
cC = — ) (2.8)
“ d
which agrees with the capacitance calculated by the usual methods. - »;
The peusk energy per unit volume in the incident field is ;
W
f 2 4
— = ¢|E , (2.9) ;
SRR

while the peak energy stored in the antenna is

- cabd|E|® - (2.10)

4

The ratio is the “effective volume” S defined above,

S = abd = leA , (2.11)
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or more generally

S i — ' (2.12)

(2.13)

Approximate expressions for the effective length, area, and volume for the
types of antennas shown in Fig. 2.1 are listed in Table 2.1 on page 11.
For different forms or better approximations, consult the methods and
formulas given by Shelkunoff and Friis [1952) or Terman [1943].

It is interesting to note that a flush plate antenna such as Fig. 2.1b
will produce virtually no distortion of the fields if the gap hetween
plate and ground plune is kept sufficiently small, and if its load im-
pedance, generally the preamplifier input impedance, is essentially a

short circuit. Furthermore, the field strength can be accurately cali-

bruted, knowing only the short circuit current and the plate area.

By replacing the electric field and flux with the magnetic¢ field H

and flux B where
B = ;J” f (2.14)

and 4o cequals the permecability of the medium, a similar set of relations
emerges as shown in Table 2.1, Figure 2.2 illustrates several types of
magnetic antennas for which the effective length, area, and volume have
been tabulated. For other shapes or more accurate approximations the

previous references may be consulted. The inductance of a magnetic an-

tenna is given by

A
i L, = n%w—

a ,‘

(2.15)

where n is the number of turns on the antenna.

T
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FIG. 2.2 INDUCTIVE ANTENNAS

In an antenna with a core of permeable magnetic material, such as
that shown in Fig. 2.2(c), the effective area and volume will be a func-
tion of w , the initial permeability of the core material. A good general
approximation results from dividing the limiting effective area and effec-

tive volume shown in Table 2.1 by a factor [, where

(2.16)

3a? In

i D rRT————




In uny case, the effective volume cannot exceed

S 3ma ! l/J. i
Li m .,(';') - —— —-—
u el << ouyT\ 2u

3
= —— X core volume , (2.17)
4p

which implies that the best use of a given amount of core material can be

obtained by extending the length until this limit is approached.

A real capacitive antenna will have additional capacitance and prob-
ably loss associated with its feed point and transmission line or match-
ing network, as shown in Fig. 2.3(a), where C, is the antenna capacitance.

This can be represented as the equivalent network shown, where

l Cnle
1Y oco v e
a b
C“ C|
T T
p
Vi€ c.T c.i: = LE . e.i:
-0
(6) CAPACITIVE
R, R, n, v R,
——r)
W H Cla Le Gy ¢ n, LM L
1,..'._ ( 1' ——
n
©

(b) INDUCTIVE

FiG. 2.3 EQUIVALENT CIRCUITS OF ANTENNAS

s 2ot 1 b 4 N e At s <.
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[ ]

: Ca+cb

are the equivalent capacitance, ceffective length, and effective volume.
Another parameter which will be found useful later is the “intrinsic
bandwidth, "

G,
{1 =

— . 2.21)
T (2.2

The available power output from this real antenna is then

DO CEQSl » (2-22)
a 40,

A similar equivalence, shown in Fig. 2.3(b), can be estublished for
inductive antennas which are transformer coupled. Here the antenna in-
ductance is given by L , the antenna resistance R,, the transformer pri-

mary nductance by L,, the transformer primary resistance RP’ and the

‘transformer secondary resistance by R,. G_ is the conductance due to

5
eddy-current losses. The parameters of the simplified equivalent are in

geneval functions of frequency, .but in the high-frequency limit they re-

duce to

L1
l - .
L = g wl, >> R, (2.23)
I'll a b
.+ R .
R, = R,+ ’ wl, >> R, (2.24)
ny
Lb’e :
Lot oL, >> R, (2.25)
LS
b
= >
s, T wly >> R, . (2.26)
10
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The intrinsic bandwidth and available power are given by

PROPERTIES OF SEVERAL TYPES OF SMALI

R, .
R = =— + 4 LlG‘
Ll
Cu2,tl.flzsl
. .
e 40

Table 2.1

. ANTENNAS

(2.27)

(2.28)

s R
T e Tt ey

t, A, S CONDITIONS
VO 's vﬂ' 5
Capacitive — -— —
E ) ME2
(a) Plate o P a?; ahd a >* d; b >>d
mh 9 ‘ﬂzl::‘
(b)  Flush plate —_— = ——— d>>b>*a
4in(h ‘a) ) Hnlb/a)
2 3

(c} Dipole ! - : 1 > a
: In(l/a) = 1 In(l/u) ="}
! ni? (/213
(d) Monopole - 1 > a0 -
2 ln(l/a) = 1 In(l/a) =1 '
(e} Spheres d mad nad® d > a
2nbd 26
(f)y T d ————e s b >>d >>a
In(2d/a) In(2d/a’)
nl, v Vol |
Inductive - - —
H nvB Ml?
™ ) 23
(a) loop ——— h _— b >>a
In(b ‘a) ini{b’a)
(b) Solenoid 1+0.9 mh? (1 +0,95) 1 >0.86
Y Co ! nl” M 2 2
(¢} Magnetic Core 1 22 a; jua® > ul
Intla) = 1] lIn(l/a) =1 ' v
11

e v e i it
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3. NOISE CHARACTERIZATION

It has been shown, by the IRE Subcommittee 7.9 on Noise ([1960], for S
example, that any noisy, two-terminal pair network can be represented by =
an equivalent but noiseless network with a noise voltage generator and a
noise current generator at its input such as that depicted in Fig. 3.1.
In general, these noise generators will be partly correlated, which we

can represent by letting

v, = vV, + I,.Zy = v, ¢ I,.(Ry + jX.y) ) (3.1)
where Vu and In are uncorrelated, For convenience, all noise sources
used here are defined as rms values per hertz bandwidth., If the amplifier
of Fig. 3.1 has a voltage gain 4, ‘ ‘
V - Azin ‘ 2
out W W, +v, +1.(2 + N‘Z,)] ~ (3.2)
. Y
1N
", O -
i JINoIsELES
Vr In Zin |AMPLIFIFR Vour
e m— N
IDEAL
NOISY AMPLIFIER
D-3303-6
FiIG. 3.1 EQUIVALENT CIRCUIT OF A NOISY AMPLIFIER

13
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Then the ratio of available noise power to available signal power at the

vutput is

P, Vv 132+ N*Z (2, 4 N2 )]
P, 22
s Nve
Y ET] 2p )2 2y 42
V3 o+ T20(R, + NR)? + (X, + NX)?]
) . (3.3)
12 12
N v2
where — indicates time average, and * indicates complex conjugate. P /P,
hus a minimum with respect to N when
V2 o+ IR+ X2) VEoe 2|z |2
4 L u on Y ba _ u . n Y
A .Na = = (3.4)

12 (R2 2y 127 12
FLCRG + XD ‘ Inizt)
The source impedance Z, actually‘presented to the input terminals of the

amplifier is then given by

Veg2lz |t

lz, 12 = Nz, )2 - 2. . = (3.5)
r2 2
In ' In

If R, is independent of X_, the minimum possible value of Eq. (3.3) is

found for

. (VISIE 4 R -

Z,, = (Vo/I, + R X, (3.6)
wshich is equivalent to providing a conjugate match for Z"| = Z% . Since
the signual power available from the source 1s

P,., = V/4R, , (3.7)
and the available noise power referred to the source is
P'l
Pd!l = Pns ;‘ 4 (3.8)




the “noise temperature' of the amplifier can be defined by

Vo+ Bz + 2,12
KT. & P 2 e , (3.9)
n an 4R .

where K = 1,38 % 10723 J/°K, Boitzmann's constant. The minimum possible

value of amplifier noise temperature is then

PR, + (I + [Lp2)%
Ty = — . (3.10)

"obtained when the source impedance has the value given by Eq. (3.6).

It is sometimes more convenient to express a noisy network in terms
of admittances rather than impedances. The network could then be char-

acterized by

n u n'y

I, = I, + VY = [, +V(G, +B) | (3.11)

12+ vily, + v |? ‘
T, - .
a 4K, | | (3.12)

V2G, + (IZV3 + ViR )%
T, - — (3.13)

= (IY/V o+ G2 - B, (3.14)

and transformations between the two descriptions can be made by

Y, = 1/27 (3.15)
o ;E/Iz,l2 (3.16)
Vio. ez (3.17)
[ A Ak (3.18)

T TIRNTIIA L (3.19)

15
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For the purposes of improving stability, controlling frequency
response, and simplifying alipgnment, it is frequently desirable to in-
corporate negative feedback in low-noise preamplifiers, This will usually
result in reduced available gain G . because for an amplifier with voltage

gain A, feedback factor B, and output impedance Z_ . = R_ . * jX

out'
A
A = — 3.20
1 = A8 ( )
and
2. - Zous (3.21)
LT '

are the gain and output impedance with feedbuck, as shown, for example,
by Bode [1945]. The available gain is then

G, - Yourhy AR, (3.22)
a = ’ _’" 1 - 3 .
ViRo‘u t Rou t( Af )

which is reduced by negative feedback (real part of A% < 0). Conversely,

G, may be increased by positive feedback at the expense of bandwidth and

stability, but this 1s sometimes desirable if the second stage is noisy

and the first stage gain is low.

Feedback can also be used to change the amplffier'iﬁput impedance
Z,, to Z;n, which may be arbitrarily chosen from a wide range of values.
The effect of this on noise characterization can be seen by referring to
Fig. 3.2(a), an equivalent circuit of a noisy amplifier with both voltage
and current feedback, represented by the Y-matrix networks Y, and Yl,
respectively. The effect of these feedback networks on gain, terminal
impedances, and noise can be readily determined by transforming this net-

work into the equivalent shown in Fig. 3.3(b), where

I, = ¥, ,V.., * (4KT G 0% (3.23)

t t12 out

and .
i W 4 M %21

I, = Y, ,V,,. t (4KT\G ,,) (3.24)

where Y ,,, ¥ |, are the transfer admittances and G ,,, G,,, the real

parts of the self admittances at terminal 2 of the networks Y , ¥,

respectively. T, is the temperature of the lossy elements in the net-

works. It is immediately apparent that the noise voltage and current

16
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FIG. 3.2 NOISY AMPLIFIER WITH FEEDBACK

generators V —and I which characterize the amplifier, assuming

Vv, =V, ¢ InZ,y. can be replaced by new generators defined by

VI
n

@

v, + 1,2, (3.25)

17
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KT, G

- 22
VT T —— (3.26)

»
YeaaYyao

[ = I. + kTG ,, : (3.27)
The equi.alent feedback generators then become

I = Y, .V, (3.28)

I:l # }'ulZ‘lout (3'20)

and the resulting network can be analyzed by the usual feedback amplifier
methods, with the result that the available gain, but not the equivalent
noise gencrators, may be further modified by the feedback. The total
effect is therefore that of adding to the source the physical elements
introduced by the feedback networks (which will modify the amplifier gain
because of source transformation, and may increase the apparent amplifier

noisé) and modifying the availuble gain by feedback.

Having included the above feedback effects in the amplifier noise
characterization, the performance of a complete system can be calculated
by including the thermal noise due to the real part B of the source im-
pedance Z_, still referring to Fig. 3.2. Assuming that the source net-
work is at the tempefature T?, this no}se appears as a voltage V_ in serics

with 7 , and is given by

Vi o= 4KT R . (3.30)
The output noise-to-signal ratio 1s then

P V2o 12(z, + 2,12 + 4KT R,
— - : : (3.31)
P Ve

]

By an approach similar 1o Egqs. (3.3) to (3.9), the system noise temperature

can be defined as

Pa sPn Vﬁ " I?a IZ'Y ¥ zs ‘2 * 4KT'I?“5
T, & —— = = T, + T, (3.52)
kp, : KR ’

s

18
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and the signal-to-noise (per unit bandwidth) ratio is

P V2

3 8

(3.33)

=

P 4KT.R,

If noisy amplifiers A;, A,, A;, ... with respective available power gains

(in the system) G, G ,, G, and respective noise temperatures (in
the system) T, , T.q [ are cascaded, the resultant noise-to-signal
ratio 18 ‘
..,i’.'. K(T' * Tnl)GalGa.’.’GaS oo KTn2Ga2Gn3 cee t KTn3GGS A
Ps PasGalG¢2Ga3 ‘
(3.34)
E and the system noise temperature becomes
! o, T
5 T U S SLL L (3.35)
3 A = 1 4 e
{ ' ’ " Gal quGu2

Minimizing this T, is equivalent to placing ti.- available amplifiers in

the order of increasing “noise measure” M [Hau: and Adler, 1959] with

F_ =1 T

[} R

M, = — = ‘ .4 ‘ .
1, T ] (3 36)
Gui ¢ ( G¢l>

for the ith amplifier, where F = ]+ (Tni/Ta)is the familiar *noise figure,"

O O NN 0T A IS AR - AT LY

T, is a reference temperature (usually 293°K), and G, is the available

power gain.

SRatiniil

If the output of the noisy amplifier is subsequently filtered by a
network with transfer function J(w), the signal-to-noise ratio at the
output will be

b ool

] P (w) P, (wy Wiw )J*(w))
: > - (3.37)
] ne K o T, ()" (@) de

Wt

where the signal is aL angular frequency w,, and P, is the total rms

t
noise.

19
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4. NOISE IN AMPLIFYING DEVICES

In this section the noise characterization, as developed in Sec. 3,
will be derived for three types of amplifiers: bipelar junction tran-
sistors, junction-gate unipolar field-effect transistors, and a double-
sideband semiconductor diode parametric amplifier. Other devices
available at this time do not appear to offer significant sensitivity
advantage over the above three. For instance, metal-oxide semiconductor
(MOS) or "insulated gate' field-effect transistors beheve very much like
junction-gate transistors except for three significant points: First,
the equivalent noise voltage is considerably larger than in a junction-
gate device of similar input capacity. Second, the equivalent noise
current at low frequencies is very much lbwér,thén in a junction-gﬁté
device, and is proportional;to frequency rather than flat, as shown by
Jordan and Jordan [1965). Third, flicker noise (also discussed by Jordan
and Jordan) is a predomlnant effect to much higher frequencies ,
(10 100 kHz) than in juncticn-gate devices, where it is usually 1mportant
only below 1 to 10 kllz. In all three respects, the MOS transistor is re-
markably sxmxlar to o vacuum tube, and in both cases the dxsadvantages
of the first and last points outwexgh the advantage of the second poxnt
‘for virtually all practical appllcatwons, since the extremely high source’
resistance required cannot be obtained. Therefore, they will not Le con-

sidered further at this time.

In the development of noise performance which follows, flicker noise
will be ignored since it is very strongly dependent on the particular de-
vice involved, Sufifice to say that parametric amplifiers are by far the
best in this respect; flicker noise being uncbservable in one case
[Biard, 1963] at frequencies down to 1 Hz. Bipolar junction transistors
are intermediate, with flicker noise cutoffs generally in the range of
100 te 1000 liz.

One type of amplifier that is extremely promising has not been con-
sidered here because it has not yet been thoroughly investigated. This
18 a double-sideband inductive parametric amplifier, which should be
ideally suited for use with inductive antennas. Once its noise sources
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are understood, it should be easy to analyze such a device as the dual
of the capacitive amplifier considered here, While ordinury saturating

ferrite elements could be used as the time-varying inductance in » para-

‘metric amplifier, these devices are known to be noisy. However, the work

of Deaver und Goree [1965] has led to a superconducting magnetic modulator
which is capable of the necessary switching speed and should prove to have

extremely low noise,

4.1 BIPOLAR JUNCTION TRANSISTORS

The physical sources of noise in junction transistors are thoroughly
discussed by van der Ziel [1958], and his results will be adopted without

further discussion. Referring to the equivalent circuit ol Fig. 4.1, the

e g ) . ' . . , _ " Y . e . .‘
signal source is a voltage V_ and impedance 2 = P+ yX | all functions of

angular frequency w. Except for notation, the internal noise sources V ,
l,, and I, are those of van der Ziel’s model. as are the base spreading

resistance r the emitter junction admittance Y, = G, * jB,, and the

_ . bo ' e
collector junction admittance Y_ . Assuming the transistor is used in the

common-emitter connection. which usually has the lowest noise measure

because of its high available gain, and lecting Y = 0 since we are not

interested in extremely high frequencies, the short circuit collector out-

put current is found to be

AV, + V) + ol ((Z, * ryy0) + T2, % rppr 4 2,) |
Ios —— ‘ — . (4.1)
‘ Zotr,, (1l - w) ¢z,

$

Top'
COLLECTOR
A - a 4 ¢ e
' PP ——

1
ey Y x. e

&=

EMITTER
n-3383-11

FIG. 4.1 NOISY JUNCTION TRANSISTOR




where o is the collector-to-emitter forward current transfer function

and Z, = 1/Y,. Letting I, = 0, the value of V,  can be found which would ‘ X

exact!ly cancel the internal noise sources

1,02, +r,,+ +2,)

o

VI, = 0) = V +I1Z = V,+1(Z +r,, )+

(4.2)

and V, and I, are the desired equivalent noise sources referred to the

input, as in Sec. 3. Collecting coefficients of Z_,

M

rbb' + Zn

Vv, = V, v Ir,,+1, — (4.3)

I, = I, +£.2. (4.4)
. - o
But the ﬁéise sodrces, as derived by van der‘Ziel, are
V- aKTr,, » (4.5)
. owm, -, W
I 241 (4.7)
0L . oy, (4.8)

where K is Boltzmann’s constant, T is the transistor temperature, ¢ is
the charge of an electron, I, is the dc emitter current, I  is the dc

collector current, and Y,, is the collector-to-emitter transadmittance.
Adopting the approximations of Nielson [1957], which have been shown to

be valid for frequencies well below the @ cutoff frequency f,, resultsin

1 K1
r, a: . ;T: (4.9)
Y., - (4.10)
cr - T" ol
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Y KT
13- (4.11)
r'
1, = =~of, + 1, (4.12)
I
S T = —(a, = la|® (4.13)
! L]
where r, is the emitter junctioh resistance, I, is the component of I,

L _ . . . . roL v
that i1s uncorrelated with Il. and a, is the dc a. letting ln t" +I"27.

and approximating o with

= 0 = m— 4.14)
SN 1+ 5Q, (4

where Q= f/f , the noise characterization is

—_— 2KT(1 = a, + 0QF) ‘
1 - T (4.15)
r! a,

Vi = 2KT(r, + 2r,,+) - | (4.16)
Z, = R, = r, tor,. | (4.17)

which result in

(1= oy + Q)[R +r, +r,,0% + X2]

T e
T = —=—<r *+2r ,+*
" R T 4,
s (1 + Qi) r,
(4.18)
02 ' V
) [r,(r, 2,0 R o
Z,, = R, - tlrg T rgy) (4.19)
L 1 -a, + 32

Tyvpical values of these parameters for germanium and silicon transistors

selected for low noise at low frequencies are given in Table 4.1,
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4.2 FIELD-EFFECT TRANSISTORS

The noise model of a field-effect transistor developed by van der Ziel
(1962], and supported by the measurements of Bruncke [1963]), leads to an

equivalent circuit similar to Fig. 4.2. 1In this circuit, the signal source

is a current I and admittance Yn connected between the transistor source

_j [

Nl Te 18 L omtve-vo 1o

-
L)
AR
v

-9
SOURQE "0-3383-12

FIG. 42 NOISY FIELD-EFFECT TRANSISTOR

and gate. C, is the capacitance between the gate and the active channel
of the device, and C, is the rest of the input capacitance, including
strays. The resistance r_is the ohmic resistance between the source
terminal and the channel, which is the node labeled V ; and g, is the
actual transconductance referred to the voltagé between‘éace'ahﬂ chanrel.
I, 1

Sec. 4.1, the short-circuit drain current is zero if

,» and I  are noise currents evaluated below. Proceeding as in

I = 1‘(1 + Y,r, * juCir,) + I r (Y, + juC)

It
- — (¥, + juC (1 + jaCyr,) + juC,) . (4.20)
g,

Collecting coefficients of ¥, and reversing all signs, which is equivalent

to reversing the phases of the noise generators,

1 + ijzr‘

8.
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WRCCyr, = jol€) + Cy)

1, = I,(1+ jaCir) < IjuCyir, + 1

n ¢

&
(4.22)

Letting I, =1 + vin, we find that an array of admittances is necessary

to specify Y, since the noise currents have different coefficient ratios,

lLabeling Y, components with the subscripts of the corresponding noise

currents,
1, = 0 (4.23)
Y ! +juG 4.24)
ve T J@ta (4.24
Y, = JeC (4.25)
je(Cy + €y) = W?CCyr,
Y, = ———— . (4.26)
e 1+ juCyr, (

The noise current magnitudes are given by

Ii = 2“q1.0 (4.27)
Y 4KT '
Ii T — (4.28)
rS
If = 4KTQg, (4.29) : i
where l‘“ is the sum of the magnitudes of all electron and hole currents

to and from the gate. I,, approaches the gate cutoff current for reverse

bias. Q is the space-charge smoothing factor, generally lying between 0.6
and 0.67. In any practical device, Ii >> Ii. and the I' term can be

‘ dropped from Eq. (4.21). For the low-frequency case, «wC/ r << 1, and i
Wigr, << 1, and ]
Il'
v, = I.r, - ;: (4.30)
26
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Ve = 4KT (r, + — |= KT [4r,t — (4.31)
g, g,
12
I3 = 2qI (4.32)
Y,, = jeC (4.33)
Y,. = jw(C *Cp) | (4.34)

Since C) is generally less than half as large as C,, particularly if C,
includes external strays,

Y, = jeC, ‘ S (439
and ‘ :
2.5 o
291, + KT <?r,-+ 7;—)[03 + (B, + wC))?)] y
To = ‘ 4KG, ' ' R o
‘ %
rﬁ 2q1‘0 ) ‘ :
Yso = 575 ]CuCl ‘ {4.37) .
KT(4r, +‘7;7>‘ o
o By >

Typical values of noise paramecters are given in Table 4.1. It must
be remembered, however, that the low noise teﬁperaturé'indicated cannot bq

realized at frequencies below ] to 10 kHz becuuse of flicker noise, which

generally raises not only the minimum noise temperature 7;0 byt also R, .. .

PN

4.3 A PARAMETRIC AMPLIFIER i o o

Realization of power gain by the usc of a pefiodicqily time-varying
reactance, generally called “parametric amplification,” is a well-known
technique at UHF and microwave frequencies. This subject hes been well

developed (see, for example, Blackwell and Kotzebue [1961] mainly because

of the extremely good noise performance obtainable. Some of the same
techniques could be applied at low frequencies, but they would be limited
to fixed-tuned narrowband systems. As will be seen in Sec.5, there is

very little to be gained over a simple junction transistor in this case.
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Sensitivity can, however, be significantly improved by lowering the ampli-
fier noise temperature in a “broadband’ application; that is, one in which
sensitivity is important in a bandwidth very much wider than the “intrinsic

bandwidth” of the antenna system Qa as defined in Sec. 2.

One typé of parametric amplifier capable of this' wideband operation is
the double-sideband capacitive converter using semiconductar diodes, such
as that described by Biard (1963). This dev;cv can be analvzed by con-

sidering the éQuivaleht circuit 6{_}15{ 4w3. In this circuit the signal

" source: is thc current I,. at angular.frequency w;, and the admittance Y ,

“hcre Y s aSsumed 6 xnrlude elements which provide ‘u short circuit in
the vxcxnitx of the pump fvequency a's described below. The nonlinear
Lupncntola bexng pumpud“_at frequenc# @y are represented by the admittance
matrix fY 1. as dPhcrled by: Bldewell and Kotzebue. Y, = G, + jB, is the
udmltt¢ncv at the, output term;uals nf the conxvrter and the output voltage
lﬁ cons;nts uf nhc‘twm hldﬂb&ﬂdh Vb2 nnd le at frequencies w, = w, = w

f g 5 .
! 1vely _ ln npwrutlnn. Vé is coherently detected

w1Lh respert to ‘a pump s1gnal oi ‘the dppropzlate phase, or envelope detected

'3Ww1ih u aupuxlmposcd lxrxxor,qto rero\er‘lhv\amplitled original signal. The

Hulbﬂ aourmﬁb arﬂ I”Wuwhxch xnclude ithe dlodv shot noise and Lhermal resist-

ancv nonsv of the ser)es combinatxou of dlodvs, transformers and inductors;

.rund lb, thu addntxonal noyse added by Y, thc load admittance, Since we

43 that t
related to it 1nput 1mpedunce' and G, can be provided by feed-

1nput1n01se current. of an amplifier does. not

buck from a fnllowxng amplxi;er, ve will not assume that I, is the thermal

(onduftantv noiye of G , uﬁ‘Blard has done.

0-3393-9

FiG. 4.3 NOISY DOUBLE-SIDEBAND PARAMETRIC AMPLIFIER
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Denoting the current or voltage at frequency w, as I or V, , and

expressing the time-varying capacitance as
C(e) = CO[I + 27, cos wyt *+ 2y, cos 2w3t] ) (4.38)

the current through the element labeled [Y“] is related to the voltage

across it by

IZ, I’ T@YL Tl (e,
I | = JCy “u @y AR (4.39)
I, W7y @ @y Ves

Subscripting components of the voltages and currents of Fig. 4.3 ac-
cording to frequency and letting ¥, be infinite atw, andw, (V , =¥ , =0),
and letting Y, be infinite at w (V,; = 0), we can write three independent
equations for the sums of current components at nodes 4 and B;

0 = I,y = I, -V, (Y + joCy) + juCyy Vi, + f“’lco?’xvh (4.40)
0 = Ify * I3 = YiVE * e oYy — Ve * 7byy) ’ (4.41)
0 = I,y * I, =Y V= jwColyyViy = MV * Vi) L (4.42)

For pump-frequency resonance at node B, letting

1

. s L ; \
Y, G, P (4.43)
results in

wWiLCy = 1 ~ (4.44)

p2
Yolwy) = G, - j =2 (4.45)

dg

P
Yylw,) = G, = j ;—o- (4.46)
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where
= @€y
LR O
n

~u4(10

and Eys. (4,40) through (4.42) can be written in matrix form

—jal

~jd, i (4.47)

where

co |y v ’
Solving for Vi, and ¥V,

t e )Gy * jag,) toas,]

ViD= I lag d) = s d, = jd 6,1 + 130y

+ ] raldl agd, *+ jd,Y ] (4.48)

E 0
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VoD = Il["dls2 = ag,s, * jsle] + I;[aosz - as - jszY.]

* 1, 0(Y, + jag)(G, + jag,) =a,d,] (4.49) .
and |

b= (Y, * jag) (G, *jagy) (G, + jag,) =d,s,]

tays (G + jag, * jdy) =a d (G, + jay, = js;) . (4.50)

The process of optimum detection amounts ;6 multiplying V, by a pump-

frequency carrier at one of the two phases which result in the signal

components of V,, and V, appearing in phase, followed by low-pass

filtering. This is equivalent, in our notation, to cross-multiplying
Egs. (4.48) and (4,49) by unit phasors, each having the phase angle of
the I coefficient of the opposite equation, and adding. Performing this
operation‘and letting w, — wy = 0= wy = w,, since w, >> w , we can set . -

the detected voltage to zero and solve for I:

2G,(ja,p, = jugp, = p,Y,)

2p 1y = 1,1jY, = a, 2 | @
‘ Py b

“(Pg B Gi)(ao - jYa) - 2@1P1P2 ‘ =
‘ (4.51)

+ 1
3 2, o2
Py t Gy
where
Py = @Gy,
Py = le7,

If the noise current J 6 consists of a true current I across [YU]_und a
current equivalent due to the effect of an uncorrelated noise voltage V

in series with [Y ], the «, component of I is
L., = I, vV (Y, * jag) (4.52)

which results in an equivalent source noise current and voltage
~ag(G? +p}) +2jGy(a)p, ~ayp,)

1" = Iv*'Jaon*[z *I‘ )
2p, (6 + p}) 2p,(G3 + pl)

~9,(G -p3) ~2ap)p,

(4.53)
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iG] + a3 - 26,p, iGE - ph
v = [ 12 - + 14 -————-T (4.5"-)
2p, (G2 + pd) 2p, (G} + p})

Lumping all resistive noise sources in [Yv} and Y, into [,, including

the high-frequency

components of V ,

P J—, ——

T2 . 12 . 12 4+ 1.2 (+.55)
I = Iy = Iy + I
and letting
In = Iu v ‘ﬂ)f
. _ Ti.T
AT (4.56)
pr
I & (4.57)
Y., = ja, (4.58)
2a,p 6, (GF ~ p3) = djapp Gy
Y, < jag+ e ‘ (4.59)
Gy * Py * 6Gipg
i A ‘ f\a;”xpz
Yoo = Jag 7 (4.60)

¥ 2
Gy - ps

where Y., uppliqs to the V; component in Eq. (4.54), Y,, applies to the
I', component, and Yy4 applies to the I, component. Observing from

Eq. (3.13) that T , will be minimized by minimizing G, we wish to
minimize the real partv of Kgq. (1.59). Since Gb‘is the only arbitrary
parameter at our disposal, this can be done only by letting G, become
infinite, Assuming that the noise current Iv is dve to the diode cutoff
current [_,; the noise voltage V is due to resistance R as discussed
previously. und the noise current I, is the sum of currents due to the
real loss conductance G| reflected to ¥, and the uncorrelated current

I, from the following amplifier, the noise characterization becomes

— — Its+q 4KTG, + I? + 2q1
v o« V2 o4 : . 4KTR + SN 9o (4.61)
n v 2 v ."2 '2’ 2 » L
20} , 2440071
32
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I} - 29l (4.62) g

Y,y = jwlCo . (4-63)

Table 4.1 includes predicted values of noise parameters calculated from
the assunptions above for typical values of component characteristics,
although this performance has not been completely experimentally verified,
It should be pointed out here that the choice of making G, infinite, while , 5

‘i‘\“

.
g
.
i

it minimizes noise temperature, may nct always minimize noise measure,

because available gain is reduced, At the same time, this choice maxi-

. mizes amplifier bandwidth and stab111ty, and may be used for these
reasons, Although the performance of this type of amplifier appears

g : very similar to that of a field-effect tiansistor, the obvious advantages
F of the parametric amplifier are in the desiguer's abflity‘to choose diodes
from a wide range of capac1t1es to make Y, match a glven source, and Qhe o
virtual absence of flxcker noise obtannable. ‘
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Table 4.1

TYPICAL NOISE CHARACTERISTICS OF AMPLIFIERS

N SILICON GE MANTUM \
l“NA\mTERS TRANS ISTOR TRANS ISTOR FET PARAMP UNIT
- - 2
- - - - v
Lol (.-2) 3x 07 e x 10718 b oottey fooTY) -
n H:
—-\ . ' “2
N (lf, 7010726 | 4 x 107 ) et ae™? o
H:
3.OR, (G 3, 000 400 (0 (0 3,
X, B,
[ S (8 (20) (5) (100 (py)
0 @ oo ‘
: - -4
5. R, (G ) 20 K PR (10™%) () Q@
h, T = 65 55 4 0.4 oK
' no
hy .
To— 1o® 2 x 108 3108 [ 1.5 x 108 H:
el ;

Explanastions:

1-5: Perentheses indicate admittance characterization,

‘4-5; The 'ojitimum source is 4") = 'h‘x'oi' j.’(_y

or

), "su - ',B'y' '
h: Bevice noise temperature I when 4 =7
n s
or ‘
e,
n;u C.\u
Tt Iutrinsic bandwidth i/ = e—  ur
p X B
4 v
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5. RECEIVING SYSTEM SENSITIVITY

In the previous sections, the characteristics of the essential parts
of a sensitive VLF receiving system, namely the antenna and the preampli-
fier, have been inveétigated.‘ It remains to put them together to see
what can be said about the capabilities of a complete system. The critical
problem is, of course; that of transforming the inherently reactive source
as nearly as possible into the optimum for a particular amplifier. This
is called "noise matching! and has been shown in Sec. 3 to be equivalent
to inserting a lossless network between source and preamplifier which would
transform the source to conjugate-match the impedance ‘

Z

1t

N
L 2
S

Y : - (501)

ths problem can be splnt into two parts, each of WhICh is an axample
‘ o( the problem of matching a complex source 1mpedance to a resistive load
for maximum power transfer over the widest possible frequency range, A
special case, that of a parallel conductance, capacitance, and current
for the source, was first treated by Bode [1945): the general solution
wag demonstrated by Fano [1950]:

Following Fano's approach, we can represent our problem as in
Fig. 5.1(a) by two sets of lossless networks, (N,N,) and (NN ), terminated
at each end by unit resistance, If the antenna terminal impedance is Z_,
let Nl be a network such that the impedance Z2 looking into Ni is

z2 * za - Rl + jxa
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FIG. 5.1 NETWORKS FOR MATCHING ARBITRARY TERMINATION IMPEDANCES

If the impedance looking intoe ¥, from the same point is Z; as shown,

the corresponding reflection voceflicients are

z, - 73
2 3 .

pz ‘= " (5.3)
4 Z, * Z,

- o D (5.4)

s I . ‘ Ly =TT .

“ | Z, * Z,

for which it is clear that ‘ﬁzg = !03!. In fact, the magnitudes of all

reflection coefficients in a chain of lossless networks must be equal,
MNow, Fano has shown that a lossless network N2 can be realized which will
present a reflection coefficient £y to a unit resistance as shown,

provided
3

{ nl | dw £ 71, (5.5)

o
o !
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where

1
Q 2 — {normalized)
Ll

-1

(5.6)

=

a

in the general case if the first element at terminal 1 of Ni‘is a Series
inductor Ll for the normalized termination or La if the termination is

R,. Similarly, if the first element is a shunt capacitance C, (normalized)

Q, = —
¢,

in the general case, The intrinsic bandwidth Q is thus the same param-
eter called QO for the antennas described in Sec. 2. Most other cases \
of interest can be converted to one of the above by the general lowpass-
to-bapndpass transformation. Obviously, if Q“ is finite, P, must‘appronch
unity except in some finite bandwidth w called the passband. .

Having determined a bound on bandwidth as a function of reflection
coefficient, we next investigate the relation between sensitivity and
reflection coefficient, If N, of Fig. 5.1(a) is a lossless network such
that ‘

Z, = Z = R, +jX, (5.8)
where Zn is the “noise load’ of Eq. (5.1), and Z6 = R, + jX6, we find
Z, -z
Fq z +z, ° (5.9)
Solving for Zs.
2 . AT (5.10)
6 o1+ p, ¥ :

k¥4

. = | B B




and from Eq. (3.9),

L -k,

| + 12 |R_, T + R,
T i (5.11)

n . [ c,
4K BRe (R‘ )
so 1 4 s

where Re denotes "the real part of’., Noting from Eg. (3.6) that

l

ey

I ra

— 4
V2 :
Y 2
R,, =| — * R, (5.12)
2 .
I n

after a tedious bit of algebra we find
= 2 e AN _
LR, L= Lo [7) + (VR + RII* (v e, 1)

r = (5.13)

n

oKL - fp, 1?)

where Fo 7 drq s the “noise reflection coefficient,” or reflection coefli -
cient with respect to the “noise load” £, in the general case. OUf special
note is the case for Rw‘ = 0, when
- |
W22y« e 1
T ; , (5.14)
KL - o 1) | 4

Cousider pow the network of Fig. 5.1(b), which consists of the same net-
works as in (a), except that the inner terminations have been removed
and Terminals 4 of ¥, have been joined to Terminals § ol N;. Since the
networks scen looking into Terminals 2, 4, 6, and 7 are unchanged, the
corresponding impedances are unchanged, In general, however, the’
remaining impedances and all reflection coefficients, shown primed, will
be different. We will denote by fp"t the magnitude of all £, since they

must be cqual. Since

z, -1 .

; = 5.15

'('4 2‘41 ( )

Z ! (5.16

FS =Zs+l .).)
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we can solve for a bound on p; as a function of p, and sy,

ol o oyl < el lesl (5.18)
1+ epgllegl
Since Network N3‘is realizable if
In __I dw < i, ‘ (5.19)
N Ps S |

where QP is the intrinsic bandwidth of the piéémplifier “noise load,”
som? typical valdes‘of whkich are. shan ih Table 4.1, we can now calculate

the upper bound on theoretlcal system ndise temperature as a function of

operating bandwidth w antenna intrinsic bandwidth 0., "and preampllfxer
noise parameters V hf Iz, and Z (or thelr ‘duals). Flrst‘ define

0

{

e

p, it Max ol o (5.20)

W - S ”‘ p; | Max lpsl . I (5.21)'
where p‘ and p, are desired funct1ons of w which meet the conditions of
Eqs. (5.5) and (5.19), respectively. Combining Eqgs. (3 32), (5.13), ‘
(5.18), (5.20) and (5.21), the system noise temperature T, is bounded by

TR, (VI? + RIS [(1 + 02)(1 + 02) +40.0. ] pA(1 + )2
KT.SKTP+"7+ u'n RYIn [ P GP'KTO“‘W L D
2 201 =21 - ) (1-p3 (1 ~0%0})
(5.22)

where Ty = T + T , is the minimum possible system noise temperature,
o= pp/p.. and W is an auxiliary noise parameter defined as

¥ oi (VI ¢ RIS (5.23)

or its dual.
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Asauming that o should be a constant to make optimum use of the
restraints on p, and Py it can be evaluated by considering the case of
holding o, and P, constant at their optimum values over bandwidth w,
from w, to w,, and letting them equal unity outside the band. Then

1 1 | |
In —dw = w In— = =0 (5.24)
Pa Pa
“
and
“2 1 1 |
‘ ln —dw = w In—— = 7m0 . ‘ (5.23)
1
Combining, ‘
P, o -a) |
o = — = exp =——————— (5.26)
‘ ) ‘ w L ,

'is the optimum value.

To attack the inve_rSe problem of determining the bandwidth within
which a specified maximum noise temperature function T,,(w) can be main-
tained, we solve Eq. (5.22) for p, ‘ ‘

: : y
1+02 + (1 +a)28 - {1 +0% + (1 +0)28]% - 40}
202 N (5.27)

p: -

where
. W
Aow PO KT (@ - T,

L] (5!28)

Evaluating (5.27) for o = 0({}, -~ Q, >> w )

1

5.29)
1+ 3 ‘

plle = 0) =
and for o = 1(Q = Q)

pllo« 1) = 1 +2[8- (8 +B)¥) (5.30)
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Example 1: o = 0, T,, constant from w, tv w + w_,

! 1
wee e .
I In = dw = = In (1 + B)de = == In (1 + ) (5.31)
pll - 2
fdl wl
and
2npo, 27 p,
& e . 5.32)
Ye =1+ B o [ W (
n 1+ ————
K(T,, - T,)
or '
W
T,, 2T, + = T, (5.33)

27ij
Kjexp —— -1
wt

The coefficient 7 is shown in Fig. 5.2 as a function of w, /p, for several.
values of (2KT,/W) from 1, the lowest value it can have (T"a = ™). to 50,
corresponding to T . = 6°K for room temperature operation. The bandwidth
advantage of low noise temperature is apparent. ‘
25 ! T T | R— T T T T
S 20}
85
®iol 7, Hi0
2
S
° i ) 4 i '
| 2 5 0 20 50 100 200 500 1000

0-s103-10
A

FIG. 52 SENSITIVITY LOSS vs. BANDWIDTH FOR -FLAT REFLECTION
COEFFICIENT
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Example 20 o =0, T, = Ty (m/um) for w 2 w.

The object of this example Is to determine whether an infinite bandwidth

is available above a given minimum frequency by allowing the svstem noise

temperature to rise linearly with frequency (3 db per octave)., For this

case, | W
w ) KTO
L + &5 = (5.34)
w - LUO
and
@
Moo= In (1 * /9)dw

€

< u)l ) l <u.l 1> ( .411 l . “r ) ‘l (u"l l + W )
\ = | —= ) In|l— - I Ui xr ) AT KT, '
w ay *+'0 KFOI *o KTO (5.35)

For thv mutching network to be realizable, N must be less than QWQO/MO,
which it s for certain values of ul/wo and W/KT ;. In ftact, it is real-
tuuble for ‘1ﬁ“u = b, or T (w)) = Ty, for wl/UaAS X(W/KTy). While the
function X has not been determined in general, it is about 17.2 for
W/KTy <= 13, a reasonable value for trunsistors. Furthermore, T (o)/T,
rises so slowly for.w /Al > X that it can generally be ignored. For

instance, for WKT, = 1/3, T (o, = 10X)/Ty = 1.25, or 1 db.

Now let us consider what these limits of noise temperature mean in
terms of limiting the sensitivity of a receiving system using a small
antenna, such as those described in Sec. 2. Defining E; as the (rms)
electric field incident on a capacitive antenna which produces an output
amplitude equal to the svstem noise in a 1-Hz bandwidth, we can set

P.oo- Pn in Eq. (3.33), and find

s

v,
PaO - fﬁi = KT’ (5.36)
Substituting into Eq. (2,227,
10 KT
22 e : -
2y f (5.37)
wicS
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"ﬁz
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Similariy for inductive antennas,

HLKT,
(5.38)

[ —
w*us

g e n o At

As a practical example, the threshold field strength E; for o = 0, T,

constant in bandwidth «, is given by

40 : W
E2 = —Z |KT, + ‘ 1 (5.39)
’ w?eS ¢ 2, :
\ exp|{ — )= 1
L @e
which has its minimum value for w, = 0
‘ ‘ 4Q°KT°
El(w, = 0) = E}, - (5.40)
w eS
and, in general,
£y - Ego"

where m is defined in Eq. (5.33) and shown in Fig. 5.2, - Several examples
of theoretical threshold field strength, normalized to 1-Hz noise band-
width and 1 m3 effective volume, are illustrated in Fig. 5.3 as a function
of frequency, These plots apply either to electric fields in free-space
permittivity or to magnetic fields in free-space permeability, for noise
parameters typical of a transistor preamplifier operating at room tempera-
ture. Except for the lines labeled E;,, which are the limiting values

for small bandwidth, each line represents an example of the lower limit

of broadband seasitivity when the passband is bounded by the vertical

arrows. Arrows on the sloping lines indicate infinite extensions.

All light lines are for an intrinsic antenna bandwidth of 10 Hz,
while heavy lines are for 1 kHz, The dotted line is the locus of £y,
for a typical antenna system with ]0-Hz intrinsic (low-frequenéy) band-
width but maximum Q of 500 at 10 kHz, The examples parallel to E,, are
for constant T , and clearly show the effect of passband by their dis-
placement from E;,. Among the 1-kHz intrinsic bandwidth curves, the one
for the 0-to-10-kHz passband is about 2 db above E,,; for 10-to-30 kHz,
3 db; and for O-to«100 kHz, 8 db. The 0O-to-]10 kHz passband with 10 Hz

43




(twi owwob ) « QP O) QP % unsn;o XN14 JILINOWW
Q ,
8. T § 8. ) § ,
r | 1 1 T L L ®
(Sws w/0 1+ QP O) 9P ON HION3YLS Q314 DILINOYW 3
3 e § 8 5§
S # ! g h h 8
1 | T 1 T ] @
- ]
v
e
-
wd
_ e E
' =
=
[72]
Z
: 9B
-
2
U
= [
1V
8
- =T
[~
™
/ w
e ‘ - ¢
.
&
- mo N _gm
v K 4 § o E :-:: o
L. S 4 w
> o 5‘13 8 \
w T
[ 4
o
| | 1 | | l L=
o
2 ] 2 ¥ 8 2 g
v [ t 1 ] [
(Swi wyA | s QP O) 4P ——"3 HION3MIS 0734 J1NLDAN3
H }
i'x

TRy




intrinsic bandwidth is 17 db above its Eyg) or only § db below the same
passband with l<kHz intrinsic bandwidth, The lines of less slope repre-
sent possible sensitivity limi*s of the type in Example 2 above, where
noise temperature is linear with frequency above a lower cutoff, shown
by the vertical arrow., Although theoretically infinite, the passbands

will be limited in practical cases by circuit Q.
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6. SUMMARY AND CONCLUSIONS n

The basic difficulty in optimizing the noise performance of receiving

systems which must use an electrically small antenna is the lack of a com-

~plete noise theory for a reactive source. This report ﬁas‘ahtempted to
add to this theory in three areas:

First, the various types of small antennas have been put ona common basis
of comparison. The parametersof effective length, effective area, effective
volume, and intrinsic bandwidth have been defined for antennas sensitive to

electrical fields and for those sensitive to magnetic fields. These param-

etershave been evaluated for a number of common antenna structures.

Second, a general method of describing the noise performance of any
amplifier has been developed in both of its dual forms. This particular
characterization, based on complex-correlated input noise voltage and
current generators, was chosen out of many ‘possibilities because it is"
easily applied to the problem of determining noise performance with an

‘arbitrary source. These noise parameters have been evaluated for several .

types of amplifying devices. ‘ I S

Third, the ultimate theoretical limits on sensitivity have been ex-
plored, and a general method of determining the bounds, in terms of the
parameters introduced in the previous sections, has been developed. These

bounds have been evaluated in several examples.

While theoretical limits of sensitivity have been determined in this
work, 1t has been assumed that an infinite number of lossless elements may
be used in the matching network. In a practical application, an approxi-
mation to the desired reflection coefficient function must be found which

will result in a physically practical network, a subject beyond the scope
of this work except for-a few general comments. For passbands that are
not much wider than the intrinsic bandwidth of the antenna, very simple ‘
coupling networks, such as a single tuning element, will provide near-

ideal performance. It is also apparent that as preamplifier noise tbmpef#‘

ature is lowered. the bandwidth avialable at a given sensitivity is 1¢i 
increased or the number of elements necessary in the coupling network is
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fields. Relating electric to magnetic fields, or to propagating power
density, requires independent “nowledge of the propagation constants.
Also, the proper value of € or u must be used in sensitivity calculations.

This is particularly difficult for a capacitive antenna in a plasma, where

€ is comp’'ex and variable. In addition, the existence of an ion sheath

‘ may alter che apparent € and the actual sensitivity considerably.
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